Fig. 1
Newly generated cells can be detected in the adult human brain in patients previously treated with BrdU. a, The hippocampal region of the adult human brain immunoperoxidase-stained for the neuronal marker NeuN. b, The hippocampal dentate gyrus granule cell layer (GCL) visualized with immunoperoxidase staining for NeuN. c, Differential interference contrast photomicrograph showing BrdU-labeled nuclei (arrows) in the dentate granule cell layer (GCL). d, Differential interference contrast photomicrograph showing a BrdU-labeled nucleus (arrow) in the human dentate GCL. BrdU-positive nuclei have a rounded appearance and resemble the chromatin structure of mature granule cells and are found within the granule cell layer. e, Differential interference contrast photomicrograph showing BrdUpositive cells (arrows) adjacent to the ependymal lining in the subventricular zone of the human caudate nucleus. Cells with elongated nuclei resembling migrating cells are in the rat subventricular zone (SVZ). f, Differential interference contrast photomicrograph showing BrdU-positive cells (arrows) with round to elongated nuclei in the subventricular zone of the human caudate nucleus. All scale bars represent 50 µm.
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quantified using immunohistochemical staining for BrdU and unbiased counting techniques 14, 15, 16 . BrdU-labeled cells were quantified in the granule cell layer and the subgranular zone of the dentate gyrus and in the hilus (area CA4; Fig. 1a ). In all BrdU-treated patients, the granule cell layer contained BrdU-positive, round-to oval-shaped nuclei with the typical morphology of granule cell neuron nuclei (Fig. 1b-d) . The morphological appearance and localization of these nuclei were similar to those of the nuclei of cells found in the dentate gyrus of adult mouse, rat and marmoset monkey 5, 6, 17 . No BrdU-immunoreactive profiles could be detected in the control patient that had not received BrdU. The presence of BrdU-positive nuclei in a brain region that is neurogenic in many other mammalian and primate species indicates that proliferating neural progenitor cells are present in the adult human dentate gyrus.
The number of BrdU-positive cells in the granule cell layer, the subgranular zone and hilus varied between individuals, as may be expected because of the varying post-infusion intervals and different ages of the patients (Fig. 2a-c) . There is an apparent decline in the number of cells that are detected in the patients that had the longest interval between BrdU treatment and histological assessment. This decline may indicate a progressive death of the newly generated cells over time. However, the small sample weakens any quantitative conclusion.
BrdU-labeled cells co-express neuronal markers
To determine the cell fate of the BrdU-immunoreactive cells, we did triple immunofluorescent labeling for BrdU and cell-specific markers, including glial fibrillary acidic protein (GFAP), a marker for astroglia, and one of the neuronal markers, NeuN 18, 19 , calbindin 20 or neuron specific enolase 21 (NSE). Confocal microscopy was used to determine the phenotype of the BrdU-positive cells (Figs. 3 and 4) . No evidence for cross-reactivity between GFAPimmunoreactivity and any of the three neuronal markers was detected in these sections. GFAP-immunopositive processes were observed to surround neurons and their processes, but did not co-express in the same cell ( Fig. 3e-h ). Autofluorescence was observed in this tissue, but the nonspecific emission artifact was easily detected by its contribution to multiple wavelengths ( Fig.  3a-d) . We took care to evaluate potential sources of autofluorescence in the human tissue by directly imaging untreated sections and sections from the control patient both with and without the pretreatment for BrdU-immunohistochemical detection in the absence of antibodies against BrdU. The autofluorescence was present even in completely untreated sections and was restricted to the cytoplasm of neuronally marked cells or to endothelial cells and red blood cells and could be clearly distinguished from BrdU-immunoreactive profiles (Fig. 3) . The majority of the NeuN-positive neurons that double-labeled with BrdU were located within or near the granule cell layer and had the morphological characteristics of granule cell neurons: round or oval nuclei with small-to medium-sized cell bodies (Fig. 3) . Confocal microscopic Z-series analyses of BrdU-positive nuclei unambiguously identified double-labeling with NeuN and demonstrated the existence of newly generated (BrdU-labeled) granule cell neurons in the dentate gyrus of the adult human brain (Fig. 3d-h ). The phenotypic expression of these BrdU-positive neurons in adult humans was equivalent to the expression found in adult rodents 5, 10, 12, 17 ( Fig. 3i-l) . The average fraction of BrdU-NeuN double-labeled cells in the granule cell layer was 22.0 ± 2.4% among the BrdU-treated patients.
Neurons double-labeled with BrdU and NSE could also be detected in all BrdU-treated subjects (Fig. 4e-f) . The average fraction of BrdU-labeled cells that were also NSE-labeled in the granule cell layer was 22.7 ± 2.8%. Cells that double-labeled for BrdU and calbindin were also observed and provided further support for the occurrence of neurogenesis in the adult SGZ, GCL and hilus ( Fig. 4a-d) . The average fraction of BrdU-labeled cells that were also calbindin-positive in the granule cell layer was 7.9 ± 2.2% among the BrdU-treated patients. The dentate gyrus from all individuals contained a fraction of BrdU-positive cells that were also GFAP-positive, 18.1 ± 1.8%, and had the typical morphology of star-shaped glial cells with small, irregularly shaped nuclei and small cell bodies with thin, GFAP-positive processes ( Fig. 4c-d) . The dentate gyrus from all subjects contained BrdU- human dentate gyrus is equivalent to BrdU-labeled neurons in the adult rat dentate gyrus (i-l; scale bar represents 25 µm). The rat tissue (i-l) is at a different magnification than the human tissue (a-h). 1315 ARTICLES positive cells that were immunonegative for both neuronal and glial markers. These immunonegative cells likely represent quiescent undifferentiated cells, newborn cells of a phenotype not examined here and/or a pool of asymmetrically dividing progenitor cells. These cells were characterized by small, roundto-oval BrdU-positive nuclei and the absence of cell-specific immunoreactivity.
To further confirm the presence of neurogenesis, we double-labeled using antibodies against BrdU and either NSE, calbindin or NeuN with chromagens for brightfield optics (alkaline phosphatase (Vector Blue) for BrdU and 3-amino-9-ethylcarbazole (AEC) for the neuronal markers). Although confocal microscopy could not be used for imaging, the brightfield chromagens had the advantage of not fading with examination and not contributing autofluorescence to the image. Examination of brightfield staining confirmed that BrdU-positive cells in the adult human hippocampus could express a neuronal phenotype (Fig.  5a -e) morphologically indistinguishable from adult rodent BrdU-positive neurons ( Fig. 5f and g ), strongly supporting our conclusion that neurogenesis occurs in the dentate granule cell layer of the adult human brain.
BrdU labeling in the subventricular zone of adult human brain
Another neurogenic region, the subventricular zone (SVZ) adjacent to the caudate nucleus, was examined for the presence of BrdU-positive cells. Tissue samples from all BrdU-treated patients contained BrdU-positive cells within the SVZ (Fig. 1e-f) . BrdU-positive cells did not co-express the cell-specific markers GFAP and NeuN (data not shown). The morphology of BrdU-labeled nuclei within the SVZ was small and round-to-oval, resembling that of progenitor cells in the rat SVZ (ref. 5 ). This finding supports the idea that the human SVZ contains progenitor cells and that these cells are required to migrate from the SVZ before they differentiate 22 . We were unable to detect any BrdU-immunoreactive cells in tissue from the control patient who had not received BrdU treatment, supporting the interpretation that the BrdU staining we report here reflects the persistence in the adult human brain of cell genesis.
Discussion
Our study demonstrates that cell genesis occurs in human brains and that the human brain retains the potential for self-renewal throughout life. Although earlier studies in adult primates have been unsuccessful in showing neurogenesis in the dentate gyrus 23, 24 , a recent report has demonstrated neurogenesis in three-year-old marmoset monkeys 6 . Although the number of BrdU-labeled cells entering the neuronal lineage seems to be lower in the human hippocampus than in marmosets, those monkeys 6 were considerably younger, even in relative terms, than the humans examined here (average age of 64.4 ± 2.9 years). Therefore, we conclude that, as in rodents 5, 25 , neurogenesis in the human dentate gyrus continues throughout life.
Although our results demonstrate that cells in the adult brain undergo cell division and that some of the newly generated cells can survive and differentiate into cells with morphological and phenotypic characteristics of neurons, we have not proven that these newly generated cells are functional. We also do not yet know the biological significance of cell genesis in the adult human brain. However, this does provide a basis to investigate a newly discovered type of 'neuroplasticity' in humans, one based Studies in rodents have shown that the adult hippocampus contains progenitor cells that can be expanded in vitro and grafted back into the adult brain, where they can respond to regional cues by differentiation into site-specific phenotypes, including neurons 26, 27 . The presence of progenitor cells in the human dentate gyrus, reported here, indicates that these cells also may be used for in vitro and in vivo studies of cell differentiation and possibly subsequent transplantation studies. Furthermore, environmental stimulation can influence the rate of neurogenesis in the adult and senescent rodent dentate gyrus 12, 17 . The potential to regulate human neurogenesis should prove to be an interesting area of investigation.
Methods
Autopsy material. Human hippocampal tissue was obtained at autopsy with the full consent of each family. All patients were diagnosed with squamous cell carcinomas at the base of the tongue, in the larynx or in the pharynx. All patients received bromodeoxyuridine (BrdU) (250 mg) dissolved in saline and given as an intravenous infusion (2.5 mg/ml, 100 ml). The BrdU was given to the patients to assess the proliferative activity of the tumor cells, expressed as BrdU-labeling index. No signs of macroscopic or microscopic metastases were found in autopsy material from the cerebrum in any of the patients. No anti-cancer therapy was administered before or during BrdU administration to any of the patients.
Tissue preparation. The hippocampal formation and ventricular zone were dissected out and post-fixed in 4% paraformaldehyde for 24 hours and then transferred into 30% sucrose solution until equilibrated. The hippocampi were sectioned (slices 40 µm in thickness) in the coronal plane on a sliding microtome and stored at -20 °C in a cryoprotecting buffer containing 25% ethylene glycol, 25% glycerin and 0.05 M phosphate buffer. For comparison, sections derived from BrdU-injected adult rats and mice that had been intracardially perfused with 4% paraformaldehyde were processed in parallel with the human tissue.
Histology. Immunohistochemical detection of BrdU requires a pre-treatment of the sections to denature DNA (ref. 5). All staining was done on free-floating sections and the blocking buffer contained both 3% normal donkey serum and 3% normal human serum (Sigma). For sections stained only for BrdU, a 4 Newly generated cells in the adult human dentate gyrus can express additional neuronal phenotypes. The calcium-binding protein, calbindin, is expressed by certain neuronal populations, including dentate granule neurons, in vivo. a, Fluorescent labeling of calbindin (red) and GFAP (blue) discriminated between granule neurons and astrocytes. Scale bar represents 10 µm. The arrow indicates a newly generated, BrdU-labeled calbindinpositive neuron shown with the label-colors merged in b. c, Another calbindin-positive neuron (arrow) that co-expresses BrdU (d). Newly generated cells may also differentiate into astrocytes (c,d; arrowheads). BrdU-labeled cells can also express neuron specific enolase (NSE, shown in red; arrows in e and f) without expressing GFAP (blue). ARTICLES mouse-anti-BrdU antibody (Boehringer; diluted 1:400) was used in combination with the avidin-biotin complex method using a biotinylated donkey antimouse-IgG antibody (Vector Laboratories, Burlingame, California; diluted 1:167) and reacted with a diaminobenzidine (DAB) chromagen. Immunofluorescent double-and triple-labeling was done as described 5, 12 . For multiple immunostaining, BrdU was detected with a rat antiBrdU antibody (Harlan Sera-Lab, Loughborough, England; diluted 1:500) and visualized with a FITC-conjugated secondary donkey anti-rat antibody (Jackson ImmunoResearch, West Grove, Pennsylvania; diluted 1:250). For neuronal phenotype markers, sections were incubated with one of the following antisera: rabbit anti-calbindin antiserum (SWant, Bellinzona, Switzerland; diluted 1:1,000), or mouse anti-NeuN antiserum (from R. Mullen 18 ; diluted 1:20), or rabbit anti-NSE antiserum (Polysciences, Warrington, Pennsylvania; diluted 1:800). These neuronal markers were visualized by using the species-appropriate Cy3-conjugated secondary antibody (Jackson ImmunoResearch, West Grove, Pennsylvania; diluted 1:250). GFAP was detected in the same sections using a guinea pig anti-GFAP antiserum (Advanced Immunochemicals, Long Beach, California; diluted 1:250) and visualized using a Cy5-conjugated donkey anti-guinea pig antibody (Jackson ImmunoResearch, West Grove, Pennsylvania; diluted1:250).
For double immunostaining using brightfield chromagens, sections were incubated with a pooled solution of rat anti-BrdU (Harlan Sera-Lab, Loughborough, England; diluted 1:500) and mouse anti-NeuN (from R. Mullen 18 ; diluted 1:100) antisera. After being rinsed and blocked, sections were incubated first with a biotinylated donkey anti-rat antibody (Jackson ImmunoResearch, West Grove, Pennsylvania; diluted 1:250), followed by incubation with an alkaline phosphatase avidin-biotin substrate and then reaction with the blue chromagen (Vector Blue; Vector Laboratories, Burlingame, California). After being rinsed and blocked further, the sections then were incubated with a biotinylated donkey anti-mouse antibody (Jackson ImmunoResearch, West Grove, Pennsylvania; diluted 1:250) followed by incubation with a peroxidase avidin-biotin substrate and then reaction with the red chromagen (3-amino-9-ethylcarbazole or AEC; Vector Laboratories, Burlingame, California). Sections were mounted and coverslipped with an aqueous mounting medium.
Fluorescent signals were imaged using a confocal laser scanning microscope equipped with a krypton/argon mixed gas laser (Bio-Rad MRC1024; Bio-Rad, Richmond, California) using individual collection of wavelengths to minimize artifactual detection of non-specific fluorescent emission. At least 20 BrdU-positive cells within multiple immunofluorescently stained sections from each patient were examined on the confocal microscope to determine the phenotype of BrdU-labeled cells. Brightfield images were derived from conventional photomicrographs digitized by using a slide scanner. Figures were composed by using Adobe Photoshop (Adobe Systems, Mountain View, California) with image adjustments confined to creating an equivalent signal distribution between panels.
Quantitation. The numbers of BrdU-positive cells in the granule cell layer, the subgranular layer and the hilus, and their corresponding sample volumes were determined in five to seven immunoperoxidase-stained coronal sections 40 µm in thickness, at least 240 µm apart, from each patient. Area estimations were done on an IBAS image analysis system. The section thickness of 40 µm (microtome setting) was used in the dissector estimation of volume. The number of BrdU-positive cells was counted within the granule cell layer (GCL) and two cell diameters below the granule cell layer, ignoring the cells in the uppermost focal plane and focusing through the thickness of the section (optical disector principle; refs. 14,15,16) to avoid oversampling errors. The subgranular zone (SGZ) was defined as the area from one cell diameter within the GCL from the hilus-GCL border and two cell diameters below the hilus-GCL border (Fig. 1) . Quantitative analysis of BrdU immunoperoxidase-stained sections was done on a Nikon microscope equipped with a video camera. The results are expressed as BrdU-positive cells per sample volume per section.
